Abstract: This study performs a 3D turbulent flow numerical simulation to improve heat transfer characteristics of wavy fin-and-tube heat exchangers. A compound design encompassing louver, flat, and vortex generator onto wavy fins can significantly enhance the heat transfer performance of wavy fin-and-tube heat exchangers. Replacement of wavy fins around tubes with flat fins is not effective as far as the reduction of thermal resistance is concerned, although an appreciable pressure drop reduction can be achieved. Adding two louvers with a width of 8 mm to the flat portion can reduce thermal resistance up to 6% in comparison with the reference wavy fin. Increasing the louver number and width can further decrease the thermal resistance. Also, it is found that the optimum louver angle is equal to the wavy angle for offering the lowest thermal resistance. Therefore, compound geometry with three louvers, a width of 12 mm, and the louver angle being equal to wavy angle with waffle height to be the same as fin pitch of the reference wavy fin has the most reduction in thermal resistance of 16% for a pumping power of 0.001 W. Adding punching longitudinal vortex generators on this compound geometry can further decrease thermal resistance up to 18%.
Introduction
Nowadays, high performance air-cooled compact heat exchangers are highly demanded in different applications in industries. Intensive energy saving can be achieved through performance improvement of air-cooled heat exchangers, for they can effectively improve the corresponding operation pressures within the system (e.g., lowering the high pressure of vapor compression system). Since the fin side (air side) plays the dominant role in the performance of air-cooled heat exchangers, to augment the performance effectively, enhancements are made available such as through corrugation (e.g., wavy), interruption (e.g., louver) or swirling (vortex generator). Wavy fin-and-tube heat exchangers are still one of the adopted enhanced air-cooled heat exchangers which are widely used in air conditioning systems and refrigeration. In these heat exchangers, air flows outside the performed a numerical study on the air-side performance of wavy fin-and-tube heat exchanger having punched delta winglets in association with staggered or in-line arrangements. With the help of delta winglets, the improvements in local heat transfer coefficients were 80% and 95% for staggered and in-line arrangements, respectively. Also, for the in-line array, the Colburn and friction factors of the wavy fin with delta winglets exceeds those without winglets by 15.4% and 10.5%, respectively. For the staggered array, these values are 13.1% and 7.0%, respectively. Gong et al. [17] numerically investigated the air-side performance of wavy fin-and-tube heat exchanger punched with combined rectangular winglet pairs (CRWPs). For the wavy fin punched with CRWPs, the rise of the secondary attack angle, accessory winglet length or accessory winglet width all lead to an increase of Nusselt number and friction factor. Bhuiyan et al. [18] investigated geometrical parameters such as fin pitch, wavy angle and longitudinal and transversal tube pitches for wavy fin-and-tube heat exchangers in turbulent flow regime. They found that there is a clear difference in the performance of staggered and in-line tube arrangements while the staggered arrangement outperforms the in-line arrangement appreciably. Also, the trend observed in turbulent flow is in line with the laminar and transitional flows. Lotfi et al. [19] performed a 3D numerical investigation on the airside performance of the smooth wavy fin-and-tube heat exchangers having elliptical tube configuration by utilizing some new type vortex generators. They showed that heat transfer performance of the smooth wavy heat exchanger is enhanced either by reducing tube ellipticity ratio or increasing wavy fin height. Also, the curved angle of the rectangular winglet vortex generator pairs with a smaller angle of attack results in the best thermo-hydraulic performance. The rectangular trapezoidal winglets reveal better thermo-hydraulic performance enhancement at a larger angle of attack compared to the other winglets. Gholami et al. [20] studied thermal-hydraulic performance of fin-and-tube compact heat exchangers having oval tube configuration with innovative design of corrugated fin patterns. The corrugated fins feature one and three curve regions which improve the pressure distribution alongside the surface and increase the heat transfer coefficient on the tube surfaces. The oval tube shapes can offer a lower pressure loss up to 20% while showing 19% enhancement of the average Nusselt number. Furthermore, the results revealed that the average value of performance in one-corrugated and three-corrugated fins having oval tube is increased up to 5% and 15%, respectively, when compared to the baseline. Darvish Damavandi et al. [21] performed multi-objective optimization of a wavy-fin-and-elliptical-tube heat exchanger using GMDH type Artificial Neural Network and NSGA-II optimization algorithm. Xue et al. [22] proposed three kinds of wavy plate fins, namely perforated wavy fin, staggered wavy fin and discontinuous wavy fin. They showed a maximum performance improvement of 1.24 for the perforated wavy fin.
Furthermore, some analytical (experimental and numerical) researches are available regarding wavy fins. Du et al. [23] performed experimental and numerical study on heat transfer enhancement of wavy fin-and-flat tube heat exchangers with longitudinal vortex generators. They showed that the average Nusselt number and friction factor of the wavy fin-and-flat tube with six delta winglet pairs increases by 21-60% and 13-83%, respectively, with the Reynolds number varying from 500 to 4500 when compared with that of the traditional wavy finned flat tube. They also presented correlations for the wavy finned flat tube and the wavy finned heat exchangers having flat tube configuration with the influence of six delta winglet pairs. The frosting process on wavy fin-and-tube heat exchanger surfaces is numerically simulated by Ma et al. [24] . The frost distribution on the wavy fin is obtained and no frost appears on the fin surfaces in the tube wake region due to the low water vapor concentration there. Also, the simulated frost distribution agrees with the experimental frost distribution. The frost layer on the heat exchanger surfaces restricts the air flow and pressure drop increases by about 140% after 45 min frosting. Zhang et al. [25] improved heat transfer characteristics for a heat exchanger (duct) by using a new humped wavy fin. They declared that the recirculation phenomenon had completely disappeared in the valley regions in both laminar or turbulent flow regimes as compared to the triangular duct. The humped fin pattern can easily turn the flow into turbulence at a low Reynolds number, thereby promoting the heat transfer characteristics as compared to that of triangular fin pattern. The ratio of the Colburn j factor to the one third power of friction factor is termed JF factor. It was reported that the humped fin patterns with different humped radii always exceeds those triangular fin patterns, especially at a higher Reynolds number; and a maximum 11.7% increment of JF factor can be achieved. Li et al. [26] conducted a comparative study of fin-and-tube heat exchangers having wavy fin and a plain fin with radiantly arranged winglets. They showed that a plain fin surface incorporating longitudinal vortex generators with five tube rows are superior to the six rows wavy fin. Both the longitudinal vortex generators showed appreciable improvements in Nusselt number and friction factor, especially when the fin pitch was small.
Most of the relevant researches for the wavy fin-and-tube heat exchangers focused on parametric studies or providing predicting correlations for conventional wavy fin geometry while as only very rare researches have performed compound augmentations upon wavy fins, for example, punching vortex generators on wavy fin.
In this study, three dimensional numerical simulations are performed upon compound enhancements in order to improve heat transfer characteristics of wavy fin-and-tube heat exchangers. Some compound methods such as merging of louver/flat/vortex generator design onto wavy fins is proposed to fulfill compound augmentation mechanisms. Effects of width and number of louvers and louver angle are further clarified in such compound designs.
Numerical Analysis
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Schematic of the computational domains of the simulated wavy fin-and-tube heat exchanger are illustrated in Figures 1 and 2 , respectively. Basic parameters of the simulated geometry for two cases of validation and improvement study are tabulated in Table 1 . 
Governing Equations
The following assumptions are made for numerical simulation:
• The flow is three dimensional, incompressible, steady and turbulent. The conservation of mass, momentum (RANS), and energy are described as follows. 
• The flow is three dimensional, incompressible, steady and turbulent. The conservation of mass, momentum (RANS), and energy are described as follows.
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where ρ is density, P is pressure, u is velocity, c p is specific heat capacity, T is temperature and k f is fluid thermal conductivity. Bar and prime signs on parameters show mean values and fluctuations relative to mean values, respectively [22] . Based on previous efforts, simulations for different forms of fin tubes [27, 28] and this turbulence model were also adopted by different papers for wavy fins [17, 22, 25, 29] , thus RNG k-ε is selected for the simulation model. Turbulent kinetic energy (k) and dissipation rate (ε) can be expressed in the following.
where G k is the generation of turbulence kinetic energy due to the mean velocity gradients. The quantities α k and α ε are the inverse effective Prandtl numbers for k and ε, respectively.
where ψ = Sk/ε, ψ o = 4.38 and β = 0.012. In the logarithmic layer C * 2ε = 2.0 [27] .
where µ is dynamic viscosity and µ t is turbulent dynamic viscosity which is determined as follows.
Constant values are: C µ = 0.0845, C 1ε = 1.42 and C 2ε = 1.68 [27] . A more comprehensive description of RNG theory can be found in Reference [30] . Enhanced wall function is used for near wall zones (Y + < 5) [27] . Figure 2 depicts the computational domain and boundary conditions. The computational domain is extended 10 times the fin pitch at the fin inlet to have uniform velocity and 30 times the fin pitch at the fin outlet to avoid recirculation. Boundary conditions are specified as follows.
Boundary Conditions

Upstream extended region
Air enters the computational domain with uniform velocity u in (0.5-4 m/s, with corresponding Reynolds number being 400-3000) and constant temperature T in = 308 K. Turbulent intensity and turbulent viscosity ratio are specified at the air inlet. The velocity components in y and z directions are zero. Symmetric and periodic boundary conditions are applied to the side boundaries and top and bottom boundaries, respectively.
Downstream extended region
The pressure is set to atmospheric pressure at air outlet. Side boundaries are symmetric planes and the periodic boundary condition is assigned to top and bottom boundaries. 
Fin region
Coupled (T solid = T fluid ) and non-slip condition are applied for solid surfaces. Constant tube temperature T s = 318 K and non-slip condition are assigned to tube surfaces. Side boundaries are considered as symmetric planes on which normal gradients are zero and periodic boundary conditions are assumed for top and bottom planes.
Numerical Method
The discretization of governing equations is done by finite volume method and will be solved by Ansys Fluent software with boundary conditions. SIMPLE algorithm is applied for pressure and momentum coupling and second order upwind is used in order to improve accuracy. The convergence criteria are that residuals for continuity, velocities, kinetic energy and dissipation rate are less than 10 −6 and residual for energy is less than 10 −8 . Unstructured fine grids are applied for fin region and structured coarse grids are used for upstream and downstream extended regions. The numerical analysis is carried out in the maximum air inlet velocity (4 m/s) by using three different meshes with fine, medium and large elements in order to ensure grid independence and to minimize computational cost. The obtained results by using these grids have been presented in Table 2 . Based on this table, 1,373,000 cells can be selected for balance between accuracy and simulation running time. Also, for keeping Y + less than 5, some adoptions for cells near wall surfaces are made. 
Definition of Parameters
Pumping power (P p ) is calculated as follows.
where m is air mass flow rate, ρ is air density and ∆P is pressure drop. Thermal resistance (R th ) and thermal conductance (η o h o ) can also be obtained from the following formulas.
where Q is total heat transfer rate from the solid surfaces to the air. η o is surface efficiency, h o is heat transfer coefficient of air and A o is total surface area. LMTD is air log-mean temperature difference which can be determined from the following formula.
where T s is tube surface temperature and T in and T out are mass-weighted averages of air inlet and outlet temperatures, respectively. 
Results and Discussion
Validation of Numerical Simulations
In order to validate the reliability of numerical simulations, experimental results provided by Wang et al. [31] for a 1-row wavy fin-and-tube heat exchanger are used. Geometrical parameters for validation are specified in Table 1 . Air inlet temperature is 291 K and air inlet velocity is varied from 0.5 m/s to 4.6 m/s. Figure 3a ,b illustrate comparison of thermal conductance and pressure drop vs. air inlet velocity for numerical simulations and experimental results, respectively. Mean deviations for thermal conductance and pressure drop are 15% and 11%, respectively. Good agreement can be seen between numerical simulations and experimental data.
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Validation of Numerical Simulations
In order to validate the reliability of numerical simulations, experimental results provided by Wang et al. [31] for a 1-row wavy fin-and-tube heat exchanger are used. Geometrical parameters for validation are specified in Table 1 . Air inlet temperature is 291 K and air inlet velocity is varied from 0.5 m/s to 4.6 m/s. Figure 3a ,b illustrate comparison of thermal conductance and pressure drop vs. air inlet velocity for numerical simulations and experimental results, respectively. Mean deviations for thermal conductance and pressure drop are 15% and 11%, respectively. Good agreement can be seen between numerical simulations and experimental data. 
Combination of Flat and Wavy Fins
The wavy parts around the tubes (X f2 in Figures 1 and 4a ) are replaced by flat fins as shown in Figure 4b . Other geometrical parameters are the same as Table 1 and air inlet velocity is changed from 0.5 m/s to 4 m/s. The objective of this alteration is to reduce the pressure drop caused by the corrugation. This can be made clear from the earlier work by Sparrow and Hossfeld [32] , who showed that significant reduction in pressure drop is seen provided the portion of peak/valley of the wavy corrugation is smoothed. As expected, the thermal conductance and pressure drop for this combination design is lower than the original design as shown in Figure 5a . Further reduction in pressure drop in comparison with thermal conductance in the combination of flat and wavy fins is due to the reduction of the re-circulation zone with small flow velocity in this geometry relative to the reference wavy fins. Formation of the re-circulation zone in the crest part of wavy fins has been reported in different papers [9, 33, 34] . Yet the thermal resistance vs. pumping power for this combination against the reference wavy fin-and-tube heat exchanger is illustrated in Figure 5b . The thermal resistance for the combination of flat and wavy fins is increased by 3% and 5% for pumping powers 0.001 W and 0.005 W, respectively. This is because inferior mixing of airflow is observed by smoothing the peak/valley into a flat configuration and consequently the heat transfer rate from solid surfaces to the fluid will decrease accordingly. In fact, pumping power at the same air inlet velocity is decreased up to 11% for u in = 4 m/s while the reduction in thermal conductance is only 5% for this air inlet velocity as shown in Figure 5a . Re-circulation zones for the reference wavy fins and combination of flat and wavy fins are represented in Figure 4c and Figure 4d , respectively. Also, the existence of flat fins around the circular tubes enhances the assembly of this new wavy fin geometry in comparison with the reference one.
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Combination of Louver, Flat and Wavy Fins
As mentioned earlier, changing wavy parts around the tubes into a plain surface in a wavy finand-tube heat exchanger is not effective. This is because the pressure drop reduction incurred by the flat portion also decreases the heat transfer appreciably. In order to remedy the performance loss of the flat portion, two louvers (n = 2) are added to the flat part to become a compound geometry as shown in Figure 6a . Louver width (W) is 8 mm and louver angle is selected to be the same as wavy angle (θ = α = 9°). Air inlet velocity is changed from 0. 
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Energies 2018, 11, 1959 12 of 19 are depicted in Figure 8a . As discussed before, the case without louver (n = 0) shows a much higher thermal resistance in comparison with the reference wavy fins. However, by raising the number of louvers, better mixing amid the adjacent channel, as well as boundary layer reseating, the thermal resistance subject to the same pumping power is decreased. In fact, adding two or three louvers will result in 6% and 3% or 7% and 5% reductions in thermal resistances with pumping powers of 0.001 W and 0.005 W, respectively, in comparison with the reference wavy fins. Notice that the addition of one louver (n = 1) can decrease thermal resistance as compared to the case without louver (n = 0), but the heat transfer improvement due to higher mixing is not so pronounced which may even be inferior to the reference wavy fins. A further increase of louver, n = 2 and θ = 9 • (same as wavy angle), are selected and width of louvers (W) are changed from 0 mm (no louver) to 12 mm. Thermal resistance vs. pumping power in Figure 8b shows a detectable lower thermal resistance than the reference case. As shown in Figure 6b , more fraction of fluid can go through louvers by increasing the louver width which causes better mixing, thereby resulting in lower thermal resistance. Reductions of thermal resistances are 11% and 7% for pumping powers 0.001 W and 0.005 W, respectively, for W = 12 mm in comparison with the reference wavy fins. It can also be seen that the case of W = 4 mm has a lower thermal resistance relative to W = 0 mm (no louver), but the increase in heat transfer rate due to higher mixing is not so significant to reduce the thermal resistance further than the reference wavy fins.
The influence of louver angle (θ) is also investigated and two different cases are studied: It should be noted that waffle height (h) shall be increased to 1.4 mm (same as fin pitch) for case 2 in order to increase wavy angle to 13 • . W and n remain unchanged as 8 mm and 2, respectively, and all other geometrical parameters are the same as Table 1 . Air inlet velocity is changed from 0.5 m/s to 4 m/s. Thermal resistance vs. pumping power for case 1 and case 2 are illustrated in Figure 9a and Figure 9b , respectively. As mentioned earlier, a combination of flat and wavy fins without louver (θ = 0 • ) has the maximum thermal resistance for both cases which is even higher than the reference wavy fins. It can be seen that minimum thermal resistances in the same pumping powers can be obtained for geometries with louver angles (θ) being equal to the wavy angles (α). Reduction values of thermal resistances for the case having the same louver and wavy angles are 3-6% and 5-8% for wavy angles of 9 • and 13 • , respectively. In essence, the optimum louver angle is equal to wavy angle. It is obvious that pressure drops for the continuation of fluid flow from wavy fins through louvers are lower because of no change in flow direction when the louver angle is the same as the wavy angle. Hence, more fraction of fluid tends to go through louvers, which causes higher mixing and, as a result, lowers thermal resistance in comparison with other louver angles.
Compound Geometries
As aforementioned, increases in louver number and width of louver, with louver angle being equal to wavy angle, give the most reduction in thermal resistance in comparison with the reference wavy fins. Also, thermal resistance for wavy angle of 13 • (waffle height same as fin pitch) is lower than thermal resistance for wavy angle of 9 • (the reference wavy fins) under the same conditions and that with louver angle equal to wavy angle. Therefore, it is expected that the combination of louver, flat and wavy fins with n = 3, W = 12 mm and θ = α = 13 • (h = 1.4 mm) may yield the most reduction in thermal resistance. This compound geometry is simulated as shown in Figure 10a . All other parameters remained unchanged based on Table 1 and air inlet velocity is changed from 0.5 m/s to 4 m/s. It is found that some 16% and 12% reductions in thermal resistances can be gained by this compound geometry for pumping powers of 0.001 W and 0.005 W, respectively, as illustrated in Figure 11 .
Recently, longitudinal vortex generators (LVG) have been widely used in compact fin heat exchangers in order to enhance heat transfer characteristics. Longitudinal vortex generators have different shapes and delta winglets are the most commonly adopted LVGs. Punching out vortex generators on wavy fins has also been studied and investigated in different literatures [17, 19, 23] . In this regard, punching out pairs of delta winglets on the compound geometry, as shown in Figure 10b , can further enhance heat transfer characteristics. The corresponding angle of attack of vortex generators is 30 • . Chord (l) and height of delta (H) winglets are 5 mm and 1.1 mm, respectively. The corresponding angle of attack is 30 • and locations of delta winglets are specified in Figure 10b . Thermal resistance vs. pumping curve (Figure 11 ) indicates that thermal resistance will decrease 18% and 15% for pumping powers of 0.001 W and 0.005 W, respectively.
For further examination of the influence of this compound enhancement, one can see the flow separation on the leading edge of delta winglets forms longitudinal vortices, which produces swirled flow. This swirled flow increases mixing of airflow. Therefore, heat transfer is increased and the thermal resistance is reduced further. Vortices generated by delta winglets on wavy fins in a vertical plane (18 mm distance from fin inlet) behind the delta winglets are shown in Figure 10c . These vortices will be vanished downstream by viscous dissipation. Further information regarding heat transfer enhancement by longitudinal vortices can be found in Reference [35] .
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Conclusions
The present study adopts a 3D turbulent flow numerical simulation to improve heat transfer characteristics of wavy fin-and-tube heat exchangers. Combination of louver, flat, wavy and vortex generator yields some considerable reduction of thermal resistances subject to the same pumping powers. Effects of louver parameters such as number of louver, width and angle are investigated in detail. In addition, adding punching vortex generators on this compound geometry is also studied. Based on the foregoing discussions, some conclusions are drawn as follows.
Substitution of wavy fins around the tubes with flat fins will decrease heat transfer characteristics and pressure drop of wavy fins. However, it is not effective in terms of thermal resistance subject to the same pumping power.
• Increasing the louver number in flat portion leads to a drop of thermal resistance; by adding two louvers with a width of 8 mm and the louver angle being the same as wavy angle (9°) can 
• Increasing the louver number in flat portion leads to a drop of thermal resistance; by adding two louvers with a width of 8 mm and the louver angle being the same as wavy angle (9 • ) can compensate performance loss, so that thermal resistance can be reduced by 6% and 3% in comparison with the reference wavy fins for pumping powers of 0.001 W and 0.005 W, respectively.
•
It is found that with increases of louver number (n) and width (W), the thermal resistances decrease and yield an optimum value for louver angle (θ) that is equal to wavy angle (α). Also, the compound geometry with n = 3, W = 12 mm and θ = α = 13 • (waffle height same as fin pitch) have the lowest thermal resistances, which are 16% and 12% reductions in pumping powers 0.001 W and 0.005 W, respectively.
Using punching out pairs of delta winglets onto this compound geometry can further enhance heat transfer characteristics, yielding 18% and 15% reductions in thermal resistances subject to pumping powers of 0.001 W and 0.005 W, respectively. 
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